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Abstract
A series of blend membranes were prepared from cellulose and konjac glucomannan (KGM) in NaOH/thiourea aqueous
solution by coagulating with 5 wt.% CaCl2 aqueous solution. The miscibility, structure, water permeability and mechanical
properties of the membranes were measured, and the effects of KGM content on the microporous formation, pore size and pore
size distribution of the blend membranes were investigated. Fourier transform infrared spectroscopy, differential scanning
calorimetry, scanning electron microscopy, wide-angle X-ray diffraction indicated that cellulose and KGM were miscible
in the whole range of their weight ratios. The new crystalline plane formed due to the resemble structure and interaction
between cellulose and KGM. With an increase of the KGM content, pore size (2rf ) and water permeability (UFR) of the blend
membranes rapidly increased, then reached a plateau of about 50 nm atwKGM ≥ 30%. The tensile strength and breaking
elongation in dry state for the blend membranes slightly decreased, and then significantly decreased atwKGM ≥ 50%. The
content of through pores of the cellulose membranes blended with KGM increased, and the pore size distribution became
wider, compared with pure cellulose membrane. KGM plays an important role in the formation of through pores for the
microporous membranes, leading to higher water permeability. Therefore, it provides a novel way to prepare the membrane
and porous gel particles with various pore size for application in the separation field. © 2002 Elsevier Science B.V. All rights
reserved.
Keywords: NaOH/thiourea aqueous solution; Cellulose microporous membrane; Konjac glucomannan; Polymer network pore; Water
permeability
1. Introduction
Cellulose, an environmentally friendly material, is
the richest and the oldest natural polymers, which
can be regenerated or derivatized to yield various
useful products due to its renewability, biodegrad-
ability, biocompatibility and derivatizability [1].
However, theβ-(1 → 4)-d-glucan molecular struc-
ture of cellulose allows chain packing by strong
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inter- and intra-molecular hydrogen-bonding, inter-
fered with efforts to process or modify the material
[2]. For the regenerated cellulose industry, viscose
and cuprammouium rayon processes still occupy a
sole and exclusive position, despite of their pos-
sible environmental hazards. Recently, more focus
has been concentrated on new solvent system of
cellulose, such as N-methylmorphorine-N-oxide
(NMMO) [3], aqueous solution of 8–10 wt.% NaOH
[4], NaOH/urea [5] and NaOH/thiourea [6]. An
addition of urea or thiourea to NaOH aqueous
solution could effectively destroy the intra- and
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inter-molecular hydrogen bonding and dissolve nor-
mal cellulose [7]. Moreover, solubility of cellulose
[8], cellulose/casein [9] and cellulose/alginate [10]
blend membranes from NaOH/urea aqueous solu-
tion have been studied in our laboratory, exhibiting
good mechanical properties and relatively large pore
size.
Konjac glucomannan (KGM), a nature polysac-
charide whose composed ofβ-1,4 pyranoside bond
linked mannose and glucose [11,12], is similar to
cellulose. It has long been used as a health food in
China and Japan. Recently, great many exploitations
of KGM have drawn more and more attention, such
as the crystallization behavior [13,14], the liquid crys-
talline, rheological and thermal properties [15,16],
and application [17–19].
Membrane separation and technology have been
widely utilized in chemical and food as well as
biotechnological industry [20]. It is well known that
cellulose membranes have the longest history and
even now are keeping their top position in this field
[21]. They have been used from packing material
and moisture-proof cellophane to separation media
such as dialysis, ultrafiltration (UF), and reverse os-
mosis (RO). Blend membranes from cellulose and
natural polymers [22,23] or synthetic polymers [24]
were obtained from cuoxam solution, whose pore
size could be controlled by using polyethylene gly-
col (PEG) or silk fibroin (SF) as addition. Moreover,
regenerated cellulose microporous gel particles pre-
pared from the mixture of cellulose and PEG in
cuoxam have been used as the size-exclusion chro-
matography (SEC) column packing material to frac-
tionate polysaccharide in water [25] and to study
the transition of aggregation behavior of biopoly-
mers in water and dimethyl sulfoxide (DMSO) [26].
Good performance in fractionation was achieved,
but the exclusion limit of molecular weight was
only 7× 105.
In this paper, cellulose and KGM were dis-
solved in NaOH/thiourea aqueous solution, respec-
tively, and then blended to prepare a series of blend
membranes with relative large pore size. The mis-
cibility, pore morphology, pore size distribution,
water permeability and mechanical properties of the
blend membranes were investigated in order to de-




The cotton linter was supplied by Hubei Chemical
Fiber Manufacture, and its viscosity-average molec-
ular weight (M) was determined to be 19.6 × 106.
Konjac glucomannan was extracted and purified from
the tuber of amorphallus konjac (supplied by Zhuxi
Kojac Institude, Hubei) as follows: Konjac tubers
were sliced about 5 mm in thickness, then dried under
sunlight for a week. The dried sheets were pulverized
by a mill. The crude flour was immersed in 70% (v/v)
aqueous methanol for 30 min, then dried at 60◦C
under reduced pressure. The raw konjac flour was ex-
tracted with benzene-absolute alcohol (4:1, v/v) and
trichloromethane-n-butanol (Sevag method) for 48 h
to remove fat and protein, respectively. Last, it was
washed by distilled water and dried under reduced
pressure for 48 h to obtain fat- and protein-extracted
konjac glucomannan.
2.2. Preparation of membranes
Cotton linter was immersed in 6/5 wt.% NaOH/
thiourea mixture solvents according to the known
procedure [6], then placed under 0◦C for 8 h. Follow-
ing, it was stirred vigorously for 1 h, and centrifuged
at 8000 rpm for 30 min. Then, the 4 wt. % cellulose
solution was obtained. KGM was dissolved in the
mixture solvents described above at room tempera-
ture for 12 h, then filtered to get a transparent solution
with concentration of 2 wt.%. The cellulose solution
was mixed with KGM solution to produce mixtures
having weight ratios of 90/10, 80/20, 70/30, 60/40,
50/50, 40/60, 30/70 and 20/80, respectively. The mix-
ture was stirred energetically at room temperature for
1 h and degassed at 5◦C, then spread over a glass plate
to give a 0.24 mm thickness solution. It was immedi-
ately immersed in 5 wt.% CaCl2 aqueous solution for
10 min, then the white residue—Ca(OH)2 on the sur-
face of the membrane was washed out by water. The
fresh membrane was neutralized by aqueous 2 wt.%
HCl solution for 10 min. The transparent membrane
obtained was washed with water and air-dried at
20◦C. The membrane from pure KGM solution was
gelated in absolute alcohol for 10 min after the treat-
ment described above. The membrane code, weight
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Table 1
The blend ratio, coagulants, residue and crystallinity of membranes
Membrane no. Cellulose:KGM (w/w) Coagulant Residue (%) χc (%)
RC0 100:0 CaCl2–HCl – 62
RC-KGM1 90:10 CaCl2–HCl 96.8 –
RC-KGM2 80:20 CaCl2–HCl 97.2 60
RC-KGM3 70:30 CaCl2–HCl 97.1 –
RC-KGM4 60:40 CaCl2–HCl 98.2 61
RC-KGM5 50:50 CaCl2–HCl 96.8 62
RC-KGM6 40:60 CaCl2–HCl 96.5 58
RC-KGM7 30:70 CaCl2–HCl 93.9 –
RC-KGM8 20:80 CaCl2–HCl 93.4 60
KGM0 0:100 CaCl2–HCl–Alcohol 93.3 63
ratios of cellulose and KGM, and physical properties
of the membranes are listed in Table 1.
2.3. Characterizations
To investigate the content of KGM in the resultant
membranes, residues (R0) of KGM in the blend mem-
branes were examined gravimetrically by referring the
total weight of the regenerated membranes in dry (w),
and calculated as follows:
R0(%) = 100− w0 − w
wKGM
10 (1)
wherew0 andwKGM are the initial membrane weight
and KGM weight calculated according to the compo-
nents.
To further make clear, if KGM is removed from the
blend membrane by after-treatment in water, the wet
state RC-KGM5 membrane and its dried membrane
were immersed in 25 and 60◦C water for different
time, respectively. The treated membranes were dried
in air at 20◦C, then dried under reduced pressure for
12 h to obtain the weight (wC) of the after-treatment
membranes. The residues of the blend membranes




wherewD is the initial weight of the dried membranes
or the weight for wet state calculated according to the
composites for blend membranes.
The membranes were cut into particle-like size and
then vacuum-dried for 24 h before the measurement.
IR spectra were recorded with a Fourier transform
infrared spectrometer (Perkin–Elmer Instruments,
USA). The test specimens were prepared by the
KBr-disk method.
The X-ray diffraction (XRD) was measured with an
X-ray diffractometer (D/MAX-1200, Rigaku Denki.,
Japan). The XRD patterns with Cu K at 40 kV and
50 mA were recorded in the region of 2θ from 5 to
55◦. The degree of crystallinity was calculated with a
peak separation method.
Differential scanning calorimetry (DSC) was per-
formed on a DSSC-2 apparatus (Perkin–Elmer Com-
pany, USA) under a nitrogen atmosphere at a heating
rate of 10◦C min−1 from 50 to 400◦C. The samples
were preheated to 150◦C to remove absorbed water
and then cooled for the measurement.
Scanning electron micrographs (SEM) were taken
on a Hitachi S-570 microscope. The wet membranes
were frozen in liquid nitrogen, snapping immediately
and vacuum-dried. The surface and cross-section of
the membranes were coated with carbon and gold for
SEM measurement. The cross-section for the electron
micrographs were analyzed by high resolution imag-
ing treatment system (HLPAS-1000), to evaluate the
pore size distribution and the average pore size 2re,
which are approximated as circular pore from the area
S of the pore part, by extracting pore parts with mon-
itoring the difference in brightness.
An improved Bruss membrane osmometer, based
on the flow rate method reported in our previous work,
was used for measuring the mean pore radius (2rf ) of
the wet membranes. The 2rf value was calculated by
Kuhn’s equation, and membrane porosity was calcu-
lated according to the previous methods [27].
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Ultrafilter rate (UFR), a water permeability of the
membranes with area of 7.07 cm2, was measured on a
miniature ultrafiltration equipment and estimated from
water flux under the pressure of 0.1 MPa at 25◦C, and
unit was expressed as ml h−1 m−2 mmHg.
The tensile strength (σ b) and breaking elongation
(εb) of the membranes in dry states were measured
on a universal testing machine (CMT6503, Shenzhen
SANS Test Machine Co. Ltd.) according to ISO 6239,
1986 (E) at a speed of 5 mm min−1.
3. Results and discussions
3.1. Compositions and structure of blend membranes
The dependence of KGM residues for the wet mem-
branes immersed in flow water on the KGM contents
(wKGM) is listed in Table 1. The KGM residue slightly
decreased withwKGM increasing, and it keeps to a high
value of more than 93 wt.%. The raw konjac gluco-
mannan is water soluble, but was not removed from the
blend membranes in this case. This indicates that there
is some strong intermolecular interaction between cel-
lulose and KGM. In other word, the blend membranes
were composed of the two polymers of cellulose and
KGM.
Fig. 1 shows the IR spectra of the membranes. The
–OH stretching vibration bands around 3435 cm−1 for
the blends RC-KGM6 and RC-KGM8 were shifted to
lower wavenumber 3400 cm−1, compared with RC0
and KGM0, and became narrower with increasing
of KGM in the membranes. It implies that the hy-
drogen bonds of cellulose or KGM themselves were
broken, and a new hydrogen bond between cellulose
and KGM formed, which were stronger than those of
both pure cellulose and KGM. The absorption band
at 895 cm−1 is attributed to glucose unit of both cel-
lulose and KGM, while the absorption bands at 873
and 808 cm−1 are vibrations of mannose unit only
in KGM. The bands of mannose increased gradually
with wKGM increasing. The IR results also indicated
that the blend membranes consist of cellulose and
KGM.
Fig. 2 shows the X-ray diffraction patterns of the
RC0, RC-KGM4, RC-KGM5, RC-KGM6, RC-KGM8
and KGM0. Two obvious crystal peaks at 2θ = 20.5
and 21.5◦ of RC0 are recognized, which are diffraction
peaks of cellulose at crystal planes (110) and (200),
respectively. The crystal peaks of KGM0 occurred at
2θ = 20.4 and 22.6◦, which are diffraction peaks of
KGM at crystal planes (1̄0) and (040) [28], respec-
tively. New crystal peaks of KGM exhibited at 2θ =
18.6 of RC-KGM6 and 2θ = 18.4 of RC-KGM8,
which do exist in neither RC0 nor KGM0, suggesting
new crystal plane with larger distance formed. It can
be explained that the molecular structure of KGM is
similar to that of cellulose, and their crystal peaks of
crystal planes occurred almost at the same angle, lead
to isomorphous replacement of one monomer by the
other within the unit cell [28]. Namely, a novel mixed
crystal structure consisting of both polymers occurred
in the KGM richer blend membranes. Generally, the
composites of blend, which are in good compatible,
disturbed each other from crystallization, resulting
in the crystallization angle moving of both blend
composites or the crystallinity decreasing. A simple
mixture of the two polysaccharides would result in
a pattern corresponding to one or either of the two
polysaccharides or a superposition of the two pattern
[29]. The new crystal peaks in the blend membranes
proved that the two composites are compatible not
only in non-crystal region, but also in crystal field.
Table 1 shows the dependence of crystallinities (χc,
%) of the membranes on the content of KGM (wKGM).
The experimented samples are of high crystallinities,
and their crystallities varied in the range from 58 to 63
%. The values of blend membranes were lower than
those of RC0 and KGM0, showing that the arrange-
ment in order and crystallization for cellulose or KGM,
oneself were disturbed upon adding another polymer.
The DSC thermograms of the membranes are de-
scribed in Fig. 3. The endothermic peak for RC0 at
346◦C was assigned to the thermal decomposition for
cellulose. For pure KGM membrane (KGM0), a ma-
jor endothermic peak at 327◦C and a broad shoulder
peak at 261◦C were observed, which may correspond
to the thermal decomposition of KGM. The shoul-
der peaks originated from KGM in RC-KGM7 and
RC-KGM8 blend membranes were obvious because
KGM as the continuous phase existed in the blend.
With an increase in the content of cellulose, the peaks
for KGM gradually shifted to higher temperature and
disappeared due to it overlapping with those of cel-
lulose, and cellulose became the continuous phase.
Only one major endothermic peak appeared for the
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Fig. 1. FT-IR spectra of membranes.
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Fig. 2. The X-ray diffraction patterns of membranes.
blend membranes atwKGM ≥ 50%, owing to the
downward shift of degradation peak for cellulose and
the upward shift of thermal decomposition peaks for
KGM. These results suggest that the blends exhibited
a certain level of miscibility in the whole range and
contributed to the interaction between cellulose and
KGM, based on hydrogen bonding. Nishioka [30]
reported that the difference in the thermal decompo-
sition behavior was correlated with the difference in
miscibility.
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Fig. 3. DSC spectra of membranes.
Fig. 4. The dependence of residues of RC-KGM5 treated in water on treatment time.
In order to find out if KGM is as the pore former
to be removed from the blend membranes, the wet
and dried membranes were treated in distilled water
at 25 and 60◦C for desired time, respectively. Fig. 4
shows the dependence of residues (Re) of KGM in the
blend membranes on the treatment time. The residue
slightly decreased with increase of treatment time, and
still keeps to be high values of more than 94 wt.%
for longer time. It suggests that KGM was not dis-
solved out from the membrane as the pore former in
the range of 20–60◦C, and the porous membrane was
formed from both KGM and cellulose. In contrast to
cellulose/KGM blend from cuprammonium solution,
ca. 20 wt.% of KGM as pore former were removed
from the membranes [22].
3.2. Microporous formation of blend membranes
Fig. 5 shows the SEM micrographs of surfaces for
the membranes. The membranes display homogenous
structure, which also exhibited a certain level of mis-
cibility of the blend. However, whenwKGM reached
30 wt.%, all membranes show dense mesh structure
and the apparent pore size gradually increased with
an increase ofwKGM. The pore sizes of RC-KGM4
and KGM0 are larger than that of RC0. The above
results of component analysis showed that the mesh
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Fig. 5. SEM of the surface for the membranes.
structures in the blend membranes were weaved with
both cellulose and KGM. The pore distributions along
thickness direction for the membranes are shown in
Fig. 6. It reveals that the pore distributions are all
symmetry and homogenous. The pore size and the
content of through pore for KGM0 are obviously
larger than those for RC0 and RC-KGM4, indicating
that KGM facilitate formation of through pores and
interconnectivity of the pores. The porous formation
mechanism in 6/5 wt.% NaOH/thiourea aqueous solu-
tion, respectively, differed from that of cellulose/KGM
blends from cuprammonium solution. The process
of microporous formation for blend membranes can
be described as that the voids between intermolecu-
lar of cellulose or KGM forms, or their aggregation
and asymmetrical shrink occurred during coagulation
process.
The dependence of pore contents on the appar-
ent pore diameters of the membranes is shown in
Fig. 7. The membranes RC0 and KGM0 show single
peak and one major peak with another small second
peak, respectively. Interestingly, the blend membrane
RC-KGM2 has triple peaks, the first peak agrees
with one for pure cellulose and the second and third
peak corresponds to the major peak and the sub-peak
of larger pore size for KGM. Moreover, RC-KGM3
displays a broad pore size distribution, which almost
comprise the peaks for RC0 and KGM0. The pore
size distributions for blend membranes were wider,
and show multi-peaks.
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Fig. 6. SEM of the cross-section for the membranes RC0, RC-KGM4 and KGM0.
The dependence of the mean pore diameter 2rf ,
mean apparent pore diameter 2re from SEM and water
permeability (UFR) of the membranes onwKGM are
shown in Figs. 8 and 9, respectively. The values of
porosity Pr, 2rf , 2re and water permeability (UFR)
are summarized in Table 2. The values of 2rf and 2re
Fig. 7. The dependence of pore content on the apparent pore diameter of representative membranes.
of the microporous membranes increased rapidly with
increasingwKGM, and then reached a plateau when
wKGM was more than 30 wt.%. UFR dependence on
wKGM shows the same tendency with those of 2rf
and 2re. The obvious change in UFR is closely re-
lated to the formation of amount of through pore by
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Fig. 8. The pore diameter of the membranes dependence ofwKGM.
adding KGM. It can be explained that the cellulose
solution layer on the glass plate was pre-coagulated
in CaCl2 aqueous solution. When the pre-coagulated
membranes were neutralized in HCl aqueous solution,
Fig. 9. The dependence of water permeability (UFR) of the membranes onwKGM.
cellulose was regenerated and its molecule shrank,
while KGM in the blend membranes was still in swell
state. KGM was not able to be dissolved off the mem-
branes because of the strong hydrogen bonds between
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Table 2
Porosity, pore size and permeability properties of the membranes
Membrane no. Pr (%) 2rf (nm) 2re (nm) UFR (ml hr−1 m−2
mmHg−1)
RC0 85 26.9 246.4 4.7
RC-KGM1 87 33.5 312.5 9.2
RC-KGM2 90 39.7 362.3 23.7
RC-KGM3 90 49.1 361.4 79.3
RC-KGM4 90 48.2 – 73.8
RC-KGM5 91 47.6 360.8 77.7
RC-KGM6 93 55.3 – –
RC-KGM7 – – – –
RC-KGM8 92 45.0 357.3 –
KGM0 – – – –
cellulose and KGM. The swelling KGM interfered
cellulose from shrinking. WhenwKGM is up to
30 wt.%, the swell and shrink reached equilibrium,
resulting in that the pore diameter increased rapidly
and then to a plateau.
3.3. Mechanical properties
Fig. 10 shows the strain–stress curves of the mem-
branes RC0, RC-KGM3, RC-KGM5, RC-KGM8
and KGM0. The results indicated that RC0 and
Fig. 10. The strain–stress curves of the membranes.
KGM0 exhibited stiff and brittle materials, and
that the strain–stress curves of the blend mem-
branes were situated between those of RC0 and
KGM0. The dependence ofσ b and εb on wKGM
are shown in Fig. 11. The tensile strength of the
membranes decreased with the increasing inwKGM.
The tensile strength for blend membranes is in
the range from 32 to 58 MPa, indicating that the
blend membranes have good mechanical proper-
ties. Both σ b and εb are observably decreased at
wKGM ≥ 50%.
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Fig. 11. The dependence of tensile strength and elongation of the membranes onwKGM.
4. Conclusion
A series of microporous blend membranes from
cellulose and KGM in 6/5 wt.% NaOH/thiourea aque-
ous solutions were prepared by coagulating with
5 wt.% CaCl2 aqueous solution and then 2 wt.% HCl
aqueous solution. The blend between cellulose and
konjac glucomannan was confirmed by WAXD, DSC
and SEM to be a certain level miscibility. The blend
membranes are ‘alloys’ of cellulose and KGM, and
formed mesh structure weaved by two polymers.
The pore size and water permeability of the micro-
porous membranes increased evidently with an in-
crease of KGM content, and reached a plateau when
wKGM was more than 30%. The tensile strength and
breaking elongation of the membranes in dry state
decreased with increasingwKGM. Not only the pore
size and the content of through pores of the mem-
branes increased but also the pore size distribution
became wide upon blending with KGM. KGM in
the microporous blend membranes plays an impor-
tant role in the formation of through pores, leading
to higher water permeability. Therefore, these blend
materials have promising potential in the separation
field.
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